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ABSTRACT 
 
 New devices were designed to generate a localized mechanical vibration of flexible gels 
where human umbilical vein endothelial cells (HUVECs) were cultured. The stimulation 
setups were able to apply relatively large strains (30%~50%) at high temporal frequencies 
(140~207 Hz) in a localized subcellular region. One of the advantages of this technique was to 
be less invasive to the innate cellular functions because there was no direct contact between the 
stimulating probe and the cell body. A mechanical vibration induced by the device in the 
substrate gel where cells were seeded could mainly cause global calcium responses of the cells. 
This global response was initiated by the influx of calcium across the stretch-activated channels 
in the plasma membrane. The subsequent production of inositol triphosphate (IP3) via 
phospholipase C (PLC) activation triggered the calcium release from the endoplasmic reticulum 
(ER) to cause a global intracellular calcium fluctuation over the whole cell body. This global 
calcium response was also shown to depend on actomyosin contractility and F-actin integrity, 
probably controlling the membrane stretch-activated channels. The localized nature of the 
stimulation is one of the most important features of these new designs as it allowed the 
observation of the calcium signaling propagation by ER calcium release. The next step was to 
focus on the calcium influx, more specifically the TRPM7 channels. As TRPM7 expression may 
modulate cell adhesion, an adhesion assay was developed and tested on HUVECs seeded on gel 
substrates with different treatments: normal treatment on gels showed highest attachment rate, 
followed by the partially treated gels (only 5% of usual fibronectin amount) and untreated gels, 
with the lowest attachment rate. The trend of the attachment rates correlated to the magnitude of 
the calcium signaling observed after mechanical stimulation. TRPM7 expression inhibition by 
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siRNA caused an increased attachment rate when compared to both control and non-targeting 
siRNA-treated cells, but resulted in an actual weaker response in terms of calcium signaling. It 
suggests that TRPM7 channels are indeed important for the calcium signaling in response to 
mechanical stimulation. A complementary study was also conducted consisting in the 
mechanical stimulation of a dissected Drosophila embryo. Although ionomycin treatment 
showed calcium influx in the tissue, the mechanical stimulation delivered as a vertical vibration 
did not elicited calcium signaling in response. One possible reason is the dissection procedure 
causing desensitization of the tissue due to the scrapings and manipulations to open the embryo. 
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CHAPTER 1  INTRODUCTION 
1.1 ENVIRONMENTAL MECHANICAL CUES AND CELLS 
 Mechanical cues, such as substrate properties and mechanical forces, can affect a wide 
variety of cell behaviors and diseases [1]. For example, the substrate stiffness where cells are 
cultured can be determinant to the differentiation of stem cells, embryogenesis [2], and cell 
migration [3]. Different patterns of fluid shear stress may also be related to the development of 
atherosclerosis [4]. However, it remains unclear on how cells fundamentally perceive mechanical 
forces and correspondingly coordinate intracellular molecular signals. 
 
 Different techniques have emerged to allow the analysis of influence of mechanical 
forces in cellular biochemistry. Many of these techniques apply the stimulation over all the cell 
body. Shear stress has been applied to cells in a flow chamber to study effects on proliferation, 
atherosclerosis development and intracellular/intercellular calcium signaling [4,5]. A flexible 
substrate, such as a silicone membrane, with seeded cells was stretched to study oxidative 
responses to cyclic strain [6]. Even a combination of shear stress and uniaxial substrate stretch 
was already tried to monitor changes in expression of vasoactive mediators [7]. Other techniques 
are able to deliver a localized stimulation, such as patch-clamp. In this technique, the suction 
force can be adjusted to induce conformational changes in ion channels to change their properties 
[8]. A localized mechanical stimulation can be accomplished by attaching functionalized beads 
to the cell. Then, the beads can later be actuated, for example, by laser tweezers [9], where a 
laser trap system is able to apply and measure forces on a bead in the order of piconewtons. This 
approach was already used to study single myosin molecule mechanics, measuring the force 
generated [9]. A glass probe was used to displace a functionalized bead attached to the apical 
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surface, showing the mechanical connection to the integrins at the basal surface through stress 
fibers [10]. Magnetic fields could also be used to actuate magnetized beads. The actuation could 
be linear, as in a microrheometry investigation of the apical surface of cells [11], or rotational, as 
in a mechanotransduction work [12]. A localized stimulation can also be performed by a glass 
probes touching the cells to evoke calcium signaling [13]. Many of these techniques for localized 
stimulation can interfere with the cell normal functions, such as clustering integrins and changing 
distribution of actin around the adhered beads before the mechanical stimulation [11]. When 
probes touch cell membranes, there is also a risk that it would penetrate it or cause some sort of 
damage. 
  
 Delivering the mechanical force to stimulate the cells is already one important step, but it 
was also reported that high temporal frequency mechanical stimulation may be able to elicit 
stronger cell responses [4,14]. As high temporal frequency of mechanical stimulation can be 
related to impact, it may be related to cell injury following mechanically traumatic events on 
tissue. Injury studies may require higher strains, in the order of 30% [14,15]. The strain used for 
a cell injury study involving mechanical stretch and calcium signaling was up to 28% in a cycle 
as short as 70 ms for rat primary hippocampal neuronal cells [14]. Another involving human 
pulmonary microvascular endothelial cells applied uniaxial strains up to 30% for 3 s [15]. In 
these articles, the calcium signaling was proportional to the temporal frequency and/or the 
magnitude of the stretch applied [14,15]. Being able to deliver this kind of mechanical 
stimulation in strain magnitude and temporal frequency would enlarge the envelope of 
possibilities. 
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1.2 INTRACELLULAR CALCIUM SIGNALING IN RESPONSE TO MECHANICAL 
STIMULATION 
 The intracellular calcium concentration has been shown to play crucial roles in a variety 
of physiological consequences and is sensitive to mechanical cues. In fact, shear stress can cause 
the rise of intracellular calcium concentration, which is involved in many signaling pathways, 
like the production of nitric oxide [5]. When actin stress fibers are directly stretched by optical 
tweezers or when fibronectin-coated beads previously attached to the apical surface of the cell 
are moved, stretch-activated calcium channels are opened [10]. The local deformation of a cell 
substrate for 5 minutes caused in NIH3T3 cells an increase in intracellular calcium 
concentration, increase in traction forces from the cell and change in cell orientation [16]. 
Calcium can also change mechanical properties of cells, as the stiffness of apical surfaces in 
HUVECs [11]. An increase in intracellular calcium concentration is propagated among astroglial 
cells after mechanical stimulation by a glass probe touch [13]. Calcium is also known to be 
involved in actomyosin contractility to regulate the tension in stress fibers. As one of the most 
versatile chemical messenger in the cell, it is important to know how its intracellular 
concentration changes. Calcium can enter through ion channels on the membrane or be released 
from the endoplasmic reticulum (ER). On the membrane, there are different stretch-activated 
channels [17,18], specially important when investigating mechanotransduction in live cells. One 
of the known ways to trigger the calcium release from ER is through inositol triphosphate (IP3) 
binding to IP3 receptors on ER. IP3 is released by the activity of phospholipase C (PLC), which 
is a diverse family of enzymes with different ways of being activated by regulators such as G 
proteins [19]. 
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 To visualize intracellular calcium concentration in real time with high spatiotemporal 
resolution, one could use calcium dyes, such as Fura-2 [20] or Rhod-4. Another way is to use 
genetically encoded molecular biosensors. For example, Cameleon, a fluorescence resonance 
energy transfer (FRET) biosensor based on the interacting pair Calmodulin and M13, can allow 
the detection of intracellular calcium concentration with high spatiotemporal precision [21,22]. 
These biosensors have the advantage over calcium dyes of targeting subcellular regions or 
compartments according to the design instead of being diffused in the cytoplasm as a typical dye 
does [23]. We have previously discovered a FRET pair, ECFP and YPet, which allows a high 
sensitivity for the detection of a variety of molecular activities [12,23]. The FRET pair in 
Cameleon was also replaced by ECFP and YPet and applied throughout this work to monitor the 
mechanical-force-induced calcium signaling in cultured cells. 
 
1.3 AIMS OF THE STUDY 
 The main goal of this study is to observe the calcium signaling in response to a relatively 
fast mechanical stimulation, taking advantage of its localized nature to study the calcium 
signaling initiation and propagation. Physiologically, mechanical stimulation on cells usually are 
not localized but this work focused more on the fundamental signaling mechanism. Despite the 
focus, the study still has physiological relevance as the stimulation showed similar characteristics 
of the ones in studies investigating signaling in cell injury. A novel stimulation equipment was 
designed and characterized. 
 
 The main motivation of our device development is to build a system capable of delivering 
a local mechanical stimulation without the perturbation of native cellular environment/functions 
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so that we can investigate the fundamental mechanism of mechanotransduction at subcellular 
levels with relatively simple conditions. A global stimulation of cells on the entire cell body such 
as stretch and shear stress loading may trigger multiple complex mechanotransduction pathways 
at different subcellular regions. Other local stimulation tools, such as laser-tweezers, magnetic 
tweezers, or glass needles, either require the local modification of cell adhesion/structure via 
ligand-coated beads or impose the risk of membrane alterations or even damage. Although a 
simple stretch of the substrate gel with a micro-needle has been nicely employed to mechanically 
stimulate cells by Krishnan et al [24], the high temporal frequency and repeated pattern of 
mechanical stimulation should provide more consistent and robust stimulation. Indeed, a 
previous report suggests that mechanical stimulation with a faster transient acceleration rate can 
trigger stronger cellular responses in neuronal cells [14]. Higher temporal gradients was also 
more effective than spatial gradients when stimulating endothelial cells with shear stress [4]. 
Therefore, our novel system can allow a non-invasive mechanical stimulation at subcellular 
levels with highly integrated spatiotemporal characteristics to allow the investigation of 
fundamental mechanisms in mechanotransduction with well-controlled conditions. With the 
maximum strain between 30% and 40%, the setup is suitable for cell injury studies under 
mechanical stimulations with highly integrated spatiotemporal patterns [14,15]. 
 
 In the first part of the study (Chapter 2), a mechanical stimulation was applied to a human 
umbilical vein endothelial cell (HUVEC) by laterally vibrating a probe positioned close to the 
cell on an elastic gel. The vibration of the gel causes deformations over a limited distance from 
the probe and the cell receives only a local stimulation at subcellular levels. Cells were shown to 
have a significant calcium response upon this mechanical stimulation, which is dependent on the 
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coordinated calcium influx across the plasma membrane as well as the calcium release from ER. 
Once the calcium signaling propagation was determined, the initial calcium influx was focused 
in the next part. 
 
 For the second part (Chapter 3), another equipment setup with similar principle was 
designed and characterized to probe the HUVEC response to mechanical stimulation. The 
equipment was also capable of localized mechanical stimulation and relatively high temporal 
frequency and strain magnitude. It was based on a vertical vibration of the probe, different of the 
lateral vibration used in Chapter 2. The vertical vibration optimizes the use of the mechanical 
energy, focusing it into a smaller area, and has a simpler motion. With a lateral vibration, the 
probe sweeps a larger area, scattering the mechanical energy by causing substrate deformation in 
more areas away from the cell under stimulation. The new setup also has a simpler design, easier 
to be reproduced. HUVECs were seeded on substrate with different adhesions or had their 
TRPM7 channels inhibited before being mechanically stimulated. As TRPM7 expression may 
change cell adhesion, it was necessary to be able to measure it. A method for measuring adhesion 
of cells was developed, tested and used to assess adhesion conditions of HUVEC on the different 
substrates and the effect of modulating TRPM7 expression. Adhesion was then compared to 
calcium signaling in response to the mechanical stimulation. 
 
 As cell cultures are simply models for the behavior of cells in tissue, a complementary 
study would be the mechanical stimulation of cells in a tissue. In the third part of this study 
(Chapter 4), a Drosophila embryo was dissected and loaded with Rhod-4, an intensimetric red 
fluorescent calcium dye. Due to the short time between dissection and experiment, it was not 
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possible to use a genetically encoded calcium biosensor in the fly line available. First, some 
drugs known to cause an increase in intracellular calcium concentration were applied to test the 
response from Rhod-4 calcium dye. Then, the dissected tissue was mechanically stimulated with 
the same equipment used in Chapter 3 (vertical vibration of probe). Due to problems with 
adhesion of the sample to the glass substrate, 3-aminopropyltriethoxysilane (APTES) was tested 
to enhance tissue adhesion. 
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CHAPTER 2  CALCIUM SIGNALING IN LIVE CELLS ON ELASTIC GELS 
UNDER MECHANICAL VIBRATION AT SUBCELLULAR LEVELS 
2.1 INTRODUCTION 
 Mechanical cues, such as substrate properties and mechanical forces, can affect a wide 
variety of cell behaviors and diseases [1]. However, it remains unclear on how cells perceive 
mechanical forces and correspondingly coordinate intracellular molecular signals. 
  
 Different techniques have emerged to allow the analysis of influence of mechanical 
forces in cellular biochemistry. Many of these techniques apply the stimulation over all the cell 
body, such as shear stress applied to cells in a flow chamber [4,5] or a flexible substrate, such as 
a silicone membrane, with seeded cells stretched to study oxidative responses to cyclic stress [6]. 
Other techniques are able to deliver a localized stimulation, such as patch-clamp with different 
suction forces to change ion channel properties [8] or by attaching functionalized beads to the 
cell. Then, the attached beads can later be actuated by laser tweezers [9], contact with a glass 
probe [10] or using magnetic fields [11,12]. A localized stimulation can also be performed by a 
glass probes directly touching the cells [13]. The main disadvantage of these techniques is the 
potential to interfere with the normal cell behavior as a membrane damage due to the probe touch 
or change in the distribution of integrins and cytoskeleton structures due to functionalized beads 
attachment [11]. 
 
 The intracellular calcium concentration has been shown to play crucial roles in a variety 
of physiological consequences and is sensitive to mechanical cues, such as shear stress which 
can increase intracellular calcium concentration [5]. Direct actuation of actin stress fibers or 
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through attached functionalized beads can open stretch-activated calcium channels [10]. The 
local deformation of a cell substrate for some minutes can cause increase in intracellular calcium 
concentration, increase in traction forces from the cell and change in cell orientation [16]. As one 
of the most versatile chemical messenger in the cell, it is important to know how its intracellular 
concentration changes. Calcium can enter through ion channels on the membrane or be released 
from the endoplasmic reticulum (ER). On the membrane, there are different stretch-activated 
channels [17,18], specially important when investigating mechanotransduction in live cells. One 
of the known ways to trigger the calcium release from ER is through inositol triphosphate (IP3) 
binding to IP3 receptors on ER. IP3 are released by the activity of phospholipase C (PLC), which 
is a diverse family of enzymes with different ways of being activated by regulators such as G 
proteins [19]. 
 
 To visualize intracellular calcium concentration in real time with high spatiotemporal 
resolution, one way is to use genetically encoded molecular biosensors. For example, Cameleon, 
a fluorescence resonance energy transfer (FRET) biosensor based on the interacting pair 
Calmodulin and M13, allows the detection of intracellular calcium concentration with high 
spatiotemporal precision [21,22]. 
 
 In this chapter, a mechanical stimulation was applied to a human umbilical vein 
endothelial cell (HUVEC) by laterally vibrating a probe positioned close to the cell on an elastic 
gel. The vibration of the gel caused deformations over a limited distance from the probe and the 
cell received only a local stimulation at subcellular levels. Cells were shown to have a significant 
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calcium response upon this mechanical stimulation, which is dependent on the coordinated 
calcium influx across the plasma membrane as well as the calcium release from ER. 
 
2.2 MATERIALS AND METHODS 
2.2.1 Cell culture 
 Human umbilical vein endothelial cells (HUVECs), pooled from multiple donors, were 
generously provided by Prof. Shu Chien’s laboratory (University of California, San Diego).  The 
cells were cultured in 60x15 mm cell culture dishes (Corning) in 5% CO2 at 37°C and passed 
when achieved confluency. Growth medium was changed every other day or when the 
confluency reached 70% or more. The growth medium was composed by 25% Endothelial Cell 
Growth Medium (Cell Applications, 211-500), 20% Fetal Bovine Serum (Atlanta Biologicals, 
S11050H), 52% Medium 199 (Gibco, 11150), 1% Penicillin-Streptomycin (Gibco, 15140), 1% 
L-Glutamine (Gibco, 25030) and 1% Sodium Pyruvate (Gibco, 11360). 
 
2.2.2 Genetically encoded FRET biosensor 
 A genetically encoded FRET biosensor based on ECFP and YPet was used to monitor the 
intracellular calcium concentration as previously described [12,21-23]. The method of choice for 
delivering the DNA into the cell was the adenovirus infection (Adeno-X Expression System 1, 
Clontech), in which the biosensor plasmid was incorporated. Between 16 and 18 hours before the 
infection, the cells were passed from a confluent dish into a 35x10 mm glass-bottom dish. The 
cells were then infected with the adenovirus carrying the FRET biosensor and the infected 
medium was changed to normal growth medium after 4 hours of incubation. In the next day, the 
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infected cells were passed to polyacrylamide gel dishes at the count of around 1,000 cells/dish. 
These gel dishes were ready for the vibration experiments about 20 hours later. 
 
2.2.3 Polyacrylamide gel preparation 
 The polyacrylamide gel dishes were prepared according to a well-established protocol [3] 
with the following reagents: Acrylamide at 8% (40% solution stock, Bio-Rad, 161-0140), Bis at 
0.13% (2% solution stock, Bio-Rad, 161-0142), TEMED at 1:2000 (Bio-Rad, 161-0801) and 
10% w/v Amonium Persulfate at 1:200 (Bio-Rad, 161-0700) in 10mM HEPES buffer (Sigma, 
H4034). The stiffness of the gels was 20 kPa approximately [25]. The gels were cast on 
35x10mm glass-bottom dishes using a 12mm round cover glass (Fisher, 12-545-80) to shape the 
droplet of gel solution. The volume of the gel solution droplet was calculated to allow an average 
thickness of 70 μm. To obtain the gel with beads, a second layer of polyacrylamide with 
embedded beads was prepared on top of the clear gel layer in a similar fashion [26], resulting in 
almost all of the beads in a single layer and at the same focal plane when observed through a 
40x/0.75 objective. In brief, the solution for the polyacrylamide was mixed with a 1 μm-bead 
suspension (Invitrogen, F-8821) at 1:250 and a small amount (1~2 μl) was applied on top of the 
clear gel. Upon the placement of the cover glass, a thin film of solution with beads would form 
the bead-embedded second gel layer on top of the pre-cast gel. As long as the pre-cast clear gel is 
smaller than the cover glass, capillarity will force the excess of solution with beads aside, 
allowing the formation of the thin layer. Measurements of the combined thickness of these 2 
layers with a calibrated micrometer showed no noticeable difference in thickness when compared 
to the first layer without beads. To allow cell attachment, gel surfaces were then coated with the 
UV-activatable cross-linker Sulfo-SANPAH (Thermo Scientific, 22589). After the activation, the 
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gel is coated with bovine fibronectin (Sigma, F1141) at 2 μg/cm2 and maintained in the cell 
culture incubator overnight. The gels were rinsed with Phosphate Buffered Saline (PBS) and 
incubated in growth medium for 15 minutes before the cells were passed and seeded on them. 
 
2.2.4 Stimulation equipment 
 The stimulation equipment was designed to insert the probe tip in the substrate gel and 
cause a vibration of the gel where cells were seeded. The probe tip consisted of a glass capillary 
prepared by a micropipette puller and had a diameter of approximately 50 μm. The probe tip was 
mounted on a small aluminum rod attached to a small XYZ stage (Newport MT-XYZ model), 
used simply as a connector to rest of the apparatus. The small XYZ stage was attached to the end 
of an aluminum arm mounted on a larger XYZ linear stage (Newport 461 Series). The tip was 
precisely positioned by the larger XYZ linear stage 13 μm away from the cell edge and 25 μm 
deep into the gel substrate. Once positioned, the vibration mechanism was activated, locally 
vibrating the substrate and stimulating the cell. The vibration mechanism was composed of two 
small aluminum blocks attached to each other by a spring steel. One block was attached to the 
side of the aluminum arm while the other was free but in contact with the same plane of the arm. 
The vibration mechanism was prepared for activation by placing a spacer between the free 
aluminum block and the arm. The vibration was initiated by quickly removing the spacer, 
allowing the collision between the free aluminum block and the arm. This collision initiated a 
vibration which was mainly lateral due to the position of the vibration mechanism. The vibration 
propagated through the structure and was transmitted to the gel substrate by the small aluminum 
rod and probe tip (Video S1). The vibration of the probe tip was estimated by analyzing the 
natural frequency of the two main structural components of the system: the arm and the small 
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rod. The simplified model of a cantilever beam anchored on one end allowed an estimation of the 
natural frequency of both parts. By modeling the arm as a 16.7x1.25x3.8 cm aluminum bar, the 
natural frequency for the first mode of vibration was approximately 1,100 Hz. The small rod, 
modeled as a cylinder 8 cm long with a radius of 1 mm, had a natural frequency for the first 
mode of vibration of 220 Hz. The vibration frequency of the probe tip would be a composition of 
both vibrations and, due to the difference in stiffness, it was expected for the small rod to be the 
main contributor. Taking into account the mass added to the rod tip with the attachment of the 
glass probe, the vibration frequency would be lowered. Thus, the vibration frequency of the 
component with higher displacement would be lower than 220 Hz but with the same order of 
magnitude. 
 
 To keep the cell environment stable during imaging and vibration stimulation, a chamber 
was designed to allow the access of the probe to the cell dish as well as the constant entry of pre-
mixed and humidified 5% CO2 (along with 10% O2 and 85% N2). A controlled heater (Nevtek 
ASI 400) was connected to maintain the temperature around 37°C throughout the experiment in 
the chamber. 
 
2.2.5 Imaging 
 A Zeiss fluorescence microscope equipped with an oil-immersed 40x/1.3 objective was 
controlled by a computer through the software MetaFluor 6.3r7 (Molecular Devices) to obtain 
the live cell images of the biosensor FRET signal. The xenon arc lamp can excite the donor 
fluorophore ECFP by using a 420/20nm filter. 475/40nm and 535/25nm filters were used to 
observe the emissions from the donor (ECFP) and acceptor (YPet), respectively. For all samples, 
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the cells were imaged for a few minutes to record the basal FRET ratio. The imaging was then 
paused to place the probe tip in position and resumed immediately after the mechanical 
stimulation was triggered. 
 
 For the vibration characterization, a fast camera (Vision Research Phantom v9.1) with 
1,000 frames/second capability was coupled to a phase contrast microscope with a 40x/0.75 
objective to image the trajectory of the probe tip and the displacement caused on the flexible gel 
substrate containing beads. An extra halogen light was employed to obtain enough illumination 
for the high frame rates. These experiments were conducted at the Imaging Technology Group at 
the Beckman Institute for Advanced Science and Technology, University of Illinois at Urbana-
Champaign. 
 
2.2.6 Postexperimental Imaging Analysis 
 Live cell images of the biosensors were captured and analyzed by MetaFluor 6.3r7. In the 
screenshot captured by the camera, the probe tip vibration is always in the same direction: 
horizontal, below the cell. The cell was divided vertically in three regions with equal height: 
closer to the probe, middle of the cell and farther from the probe. For each of these regions, one 
region of interest for the MetaFluor analysis was assigned. These regions of interest were oval in 
shape, with same height and their width was selected in order to maximize the coverage of the 
cell. The FRET ratio was calculated from each region by dividing the average intensity of YPet 
by that of ECFP. The classification of response in global or local depended on the ratios of FRET 
signals over the regions closer and farther from the probe. The response was deemed global if the 
stimulated FRET increase on the farther region was at least half of that in the closer region. 
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Otherwise, the response was deemed local. If the ratio change upon stimulation remained within 
10% of the basal level, it was considered as non-responsive. A region not covered by the cells 
and away from the probe tip was selected to assess the background signal and subtracted from 
each image.  
 
 To characterize the vibration, the images from the fast camera were analyzed using an 
ImageJ (available at http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes 
of Health, Bethesda, MD) plugin, bUnwarpJ [27]. This plugin was used to compare the position 
of the beads between two frames: a frame displaced by the probe motion and a reference frame 
with the probe merely positioned but not moving. Matlab (MathWorks) was applied to 
reconstruct the displacement map obtained from bUnwarpJ, plotting it as a colormap combined 
with the vectors for a convenient and clear comprehension of the data. A colormap for the strain 
at each point was also plotted, with vectors denoting the displacement. The total strain E was 
calculated as: 
22
yx EEE   
where Ex and Ey are the strain in x and y axis. 
dx
duE xx   dy
du
E yy   
where ux and uy are the displacements in x and y axis, with each derivative numerically 
calculated by finite differences (2-point estimation for the boundaries, 3-point estimation for 
interior points). 
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 The stress could be easily calculated by multiplying the strain by the gel substrate 
stiffness, but the strain, not stress, was one of the stimulation characteristics compared to 
previous studies. 
 
2.2.7 Statistical analysis 
 The classification of the response in global, local, or non-responsive can be treated as a 
multinomial distribution, with probabilities pg, pl and pn respectively. For each condition, the 
probability distributions were estimated as following: 
N
n
p gg   N
np ll   N
np nn   
 
where ng is the number of global responses, nl is the number of local responses, nn is the number 
of non-responsive samples and N is the total number of samples for this particular condition. 
 
 The standard deviation of these probabilities obtained through this method can be 
estimated as: 
N
pp gg
pg
)1( 
  
N
pp ll
pl
)1( 
  
N
pp nn
pn
)1( 
  
 
 The p-value was calculated with a Fisher's exact test for the analysis of a contingency 
table to verify independence between the control and each of the drug treatments. The 
contingency table contained the number of samples that showed global, local or no response for 
each of the conditions. 
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2.2.8 Reagents and inhibitors  
 Gadolinium chloride (Sigma, 439770) was applied to cells at 3 μM for pretreatment of 20 
minutes. Streptomycin (Sigma, S9137) was applied to cells at 200 μM for pretreatment of 10 
minutes. Thapsigargin (Sigma, T9033) was applied at 1 μM for 45 minutes. U73122 (Sigma, 
U6756) was applied at 5 μM for 10 minutes. ML-7 (Sigma, I2764) was applied at 10 μM for 1 
hour. Cytochalasin D (Sigma, C8273) was applied at 0.2 μM for 1 hour. EGTA (Calbiochem, 
324625) was applied at 5 mM for 30 minutes. 
 
2.3 RESULTS 
2.3.1 Characterization of mechanical stimulation 
 The vibration frequency and magnitude of the probe tip displacement generated by the 
mechanical stimulation equipment (Figure 2.1A) were determined with the probe tip inserted in 
the gel substrate or positioned out of the gel. In both cases, the vibration frequency was around 
140 Hz (period of oscillations around 7 ms) and the probe tip displacement was around 70 μm in 
amplitude (Figure 2.1B). Thus, the interaction with the flexible gel substrate did not affect the 
probe tip displacement. The displacement distribution map of the gel substrate revealed that the 
maximum displacement (around 13~14 μm) occurred at a position approximately 13 μm away 
from the probe edge, where the cells were positioned (Figure 2.1C, Video S2 and Video S3). On 
the other hand, the maximum strain occurred closer to the probe, but there was significant strain 
(around 30%~40%) farther, where the cell would be located during stimulation. Both 
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displacement and strain were larger at regions on the cell closer to the stimulation site (Figure 
2.1C, Video S3). 
 
2.3.2 Global and local responses of HUVECs to the mechanical stimulation 
 When this mechanical stimulation was applied on HUVECs, it was possible to observe 
two different kinds of calcium signaling response: global responses, in 80% of the samples, or 
local responses, in 20% of the samples (“Control” in Figure 2.3, Figure 2.4 and Figure 2.5). The 
global calcium response was characterized by stimulated FRET increase on the farther region 
from the probe being at least half of that in the closer region (Figure 2.2A, Video S5), whereas 
the local response had calcium rise more restricted to cell areas close to the probe tip, not 
meeting the criterion for the global response (Figure 2.2B, Video S6).  
 
2.3.3 Global responses depend on calcium influx via stretch-activated channels 
 Since intracellular calcium concentration can be affected by the calcium influx across the 
plasma membrane and the calcium release from intracellular calcium stores, we first assessed the 
effect of extracellular calcium in the calcium response upon this mechanical stimulation. Two 
approaches were applied for this purpose: (1) eliminating extracellular calcium and (2) blocking 
ion channels on the plasma membrane. Even though the majority of the responses were global 
for control cells (Figure 2.3, “control”), the calcium rise close at the stimulation site in the cases 
of local response may suggest that there are calcium influx through membrane stretch-activated 
channels as previously demonstrated [10].  
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 After chelating the extracellular calcium from the growth medium with EGTA [22,28-
30], the response was abolished from the majority of the cells (Figure 2.3, “EGTA”). Gadolinium 
chloride (Gd3+) treatment to block stretch-activated membrane calcium channels [10,31] 
resulted in a majority of local responses (Figure 2.3, “Gd3+”). Streptomycin (Strep) treatment to 
also block stretch-activated membrane calcium channels [31-37] had a slightly weaker effect but 
reduced the occurrence of global responses significantly (Figure 2.3, “Strep”). Based on the 
statistical analysis, all reagents affected significantly the calcium response upon mechanical 
stimulation (EGTA: p=1x10-10, Gd3+: p=0.007, Strep: p=0.02). These data suggest that the 
global calcium responses are dependent on the influx of extracellular calcium through the plasma 
membrane via stretch-activated channels. 
 
2.3.4 Global responses depend on calcium release from ER via IP3 signaling 
 In global responses, significant calcium signaling was observed more than 50 μm away 
from the stimulation site, where there were minimal mechanical stretch applied. This suggests 
that the calcium may be released from intracellular stores (endoplasmic reticulum) to cause the 
global responses.  
 
 Thapsigargin, which inhibits endoplasmic reticulum calcium pump and depletes the 
intracellular calcium stores [38], resulted in a majority of local responses (Figure 2.4, “TG”). A 
phospholipase C (PLC) inhibitor U73122 [39,40], which blocks the release of inositol 
trisphosphate (IP3), also showed a majority of local responses (Figure 2.4, “U73122”). The 
effect from either Thapsigargin or U73122 was statistically significant from the control cells 
without treatment (TG: p=1x10-5, U73122: p=7x10-4). Therefore, the global calcium responses 
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upon mechanical stimulation also depend on the release of calcium from intracellular calcium 
stores through IP3 signaling (Figure 2.4). 
 
2.3.5 Global responses depend on actomyosin contractility and F-actin integrity 
 Cytoskeleton and its related actomyosin contractility play an important role in 
transmitting forces throughout the cell [12] and in activating stretch-activated channels [10]. We 
have hence investigated the role of actomyosin contractility by applying ML-7 to inhibit the 
function of the myosin light chain kinase and hence actomyosin contractility [41]. ML-7 
treatment caused a majority of local responses (Figure 2.5, “ML-7”). The disruption of F-actin 
with cytochalasin D (CytoD) [10,42] at 0.2 μM also inhibited the global calcium responses upon 
mechanical stimulation (Figure 2.5, “CytoD”). The calcium responses of cells treated by either 
ML-7 or CytoD were significantly inhibited from that of control cells (ML-7: p=3x10-4, CytoD: 
p=0.01). Thus, the full calcium responses upon mechanical stimulation also depend on the 
actomyosin contractility and F-actin integrity. 
 
2.4 DISCUSSION 
 In this work, we have developed a new probe device to mechanically stimulate cells at 
precisely controlled subcellular locations without the direct contact with cell membrane. The 
results indicated that a mechanical vibration induced by the device in the substrate gel where 
cells were seeded could mainly cause global calcium responses of the cells. This global response 
was initiated by the influx of calcium across the stretch-activated channels in the plasma 
membrane, but not store-operated channels. The subsequent production of IP3 via PLC 
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activation triggered the calcium release from ER to cause a global intracellular calcium 
fluctuation over the whole cell body. This global calcium response was also shown to depend on 
actomyosin contractility and F-actin integrity, probably controlling the membrane stretch-
activated channels. This whole mechanistic scenario is summarized in the diagram of Figure 2.6. 
 
 Although a simple stretch of the substrate gel with a micro-needle has been nicely 
employed to mechanically stimulate cells by Krishnan et al [24], the high temporal frequency 
and repeated pattern of the vibration stimulation of our system should be able to elicit a stronger 
and robust signal. Indeed, it has been shown that mechanical stimulation with a faster transient 
acceleration rate can trigger stronger cellular responses in neuronal cells [14]. Higher temporal 
gradients was also shown to be more effective than spatial gradients when stimulating 
endothelial cells with shear stress [4]. As micropositioning of the probe tip is easily achieved by 
the XYZ linear stages with microactuators, to obtain the design proposed in this work it would 
be necessary to use an actuator to displace the probe tip in the order of tens of micrometers in a 
matter of tens of milliseconds. Piezoelectric actuators, stepper motors or actuators based on 
solenoids could be suitable depending on the driver capabilities, but it was noticed that a 
mechanical vibration of the structure would be able to accomplish the same task at a fraction of 
the cost. The main drawback is the inflexibility in terms of tuning the vibration once the structure 
is built and the lack of control of the vibration itself, as it would simply be dampened over time 
after it was initiated. The observed 140 Hz vibration of the probe tip met the expectations of 
being closer to the natural frequency of 220 Hz for the small rod, but also lower than this value 
due to the attachment of the probe tip. Changes in this parameter would require another rod with 
a different geometry or material. The strain imposed on the substrate was similar to the strain 
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used for other cell studies involving mechanical stretch and calcium signaling, both towards cell 
injury: one involving rat primary hippocampal neuronal cells stretched them up to 28% in a cycle 
as short as 70 ms [14]; another involving human pulmonary microvascular endothelial cells 
applied uniaxial strains up to 30% for 3 s [15]. In both articles, the calcium signaling was 
proportional to the stretch applied [14,15]. Considering the usual size and position of the cell 
relative to the probe tip position, the strain was larger at regions closer to the probe, which 
showed the localized nature of the stimulation delivered and was consistent to the region of 
stronger intracellular calcium rise in local responses. This localized stimulation was essential to 
study the details of the calcium signaling propagation. Another advantage of this technique was 
to be less invasive to the innate cellular functions since there was no direct contact between the 
stimulating probe and the cell body, avoiding the possible membrane penetration by the probe or 
the integrin clustering and subsequent actin remodeling around the adhered beads [11]. Even 
though the present work was focused on calcium signaling, it is important to notice that the 
benefits of using this stimulation device can be extended to other signaling pathways as well. 
Indeed, the activation of signaling events other than the intracellular calcium may also be 
sensitive to temporal gradients of mechanical stimulation, such as ERK1/2 [4]. 
 
 The extracellular calcium and its influx across the plasma membrane was apparently the 
trigger of the whole calcium signaling cascade as the chelation of extracellular calcium by EGTA 
or the blockage of stretch-activated channels on the plasma membrane by streptomycin and 
gadolinium chloride drastically inhibited the calcium response to mechanical stimulation. The 
activation of these stretch-activated channels may be mediated by actin cytoskeleton and 
actomyosin contractility as ML-7 and CytoD both inhibited the mechanically induced calcium 
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response, which is also consistent with previous reports that the activation of stretch-activated 
channels are mediated by the actin filaments in HUVECs [10]. It is interesting that the inhibitory 
effect of CytoD was different from that of ML-7. It is possible that the activation of stretch-
activated channels is affected mostly by the cortical actin network and the CytoD treatment may 
have a less inhibitory effect on short cortical actin networks than on long stress fibers. 
Blebbistatin should have similar effect as ML-7. However, Blebbistatin was not employed in this 
study since it introduces intensive background fluorescence which interferes with the 
wavelengths for the biosensor imaging.  
 
 The PLC/IP3 pathway and ER calcium release were clearly involved in the mechanically 
induced calcium response as the inhibition of PLCs by U73122 and the depletion of ER calcium 
by thapsigargin inhibited the response. PLC-δ is usually inactive at basal calcium concentrations 
and activated when the intracellular calcium concentration rises, being also a signal amplifier for 
other PLCs [43]. Other proteins (such as RhoA and transglutaminase) can also act as regulators 
to lower the required activation concentration of calcium [44,45]. Thus, it is possible for the rise 
of the local calcium concentration due to the mechanical stimulated membrane channel opening 
to activate PLC-δ, triggering the IP3 signaling pathway and ER calcium release to yield a global 
response. 
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2.5 FIGURES 
 
 
Figure 2.1. Mechanical stimulation equipment and vibration characterization. (A) Diagrams of vibration 
stimulation equipment with different components: XYZ stage (red), micrometers (yellow), mass-spring system 
(green) that generates the vibration and spacer (blue) used to trigger the vibration. The left image shows the cell 
stimulation caused by the vibration of the probe tip inserted in the flexible substrate gel. The right image shows the 
vibration generation part. (B) The time course of probe tip displacement when positioned in gel (Gel) or out of the 
gel (Control). (C) The left image shows the probe and gel substrate with 1 μm beads embedded. The right images 
show a typical displacement (in μm) and strain maps, with the cold and hot color representing the small and large 
displacement/strain, respectively. In both colormaps, the vectors are the displacements on the substrate. The black 
circle represents the typical position of a cell (~125 μm of diameter) during stimulation. The bars represent 25 μm. 
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Figure 2.2. Types of cellular calcium responses upon mechanical vibration stimulation. (A) Global response 
represents a rise in intracellular calcium concentration occurring all over the cell body. (B) Local response 
represents a rise in intracellular calcium concentration occurring mostly at a region close to the stimulation site. The 
DIC images show the probe and a nearby cell. The time courses were shown to represent the intracellular calcium 
concentration in regions close (closer), median (middle), or far away from stimulation site. The color images 
represent the fluorescence emission ratio of YPet/ECFP from the biosensor before stimulation, immediately after 
stimulation, and after the calcium concentration re-stabilized. The bars represent 25μm. 
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Figure 2.3. Extracellular calcium influx across the plasma membrane channels mediates the calcium response 
upon mechanical stimulation. The bar graph represents the percentage of cells with global, local or none responses 
under different treatment as indicated with the respective standard deviation for the probability estimation. EGTA 
(extracellular calcium chelator): p=1x10-10, Gadolinium (Gd3+, stretch-activated calcium channel blocker): p=0.007, 
Streptomycin (Strep, stretch-activated calcium channel blocker): p=0.02, The statistical difference from the control 
group is determined by p<0.05. All results were significantly different from control. 
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Figure 2.4. PLC and ER calcium mediate the calcium response upon mechanical stimulation. The bar graph 
represents the percentage of cells with global, local or none responses under different treatment as indicated with the 
respective standard deviation for the probability estimation. Thapsigargin (TG, ER calcium pump inhibitor): 
p=1x10-5, U73122 (PLC inhibitor): p=7x10-4. The statistical difference from the control group is determined by 
p<0.05.  All results were significantly different from control. 
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Figure 2.5. Actomyosin contractility and actin cytoskeleton mediate the calcium response upon mechanical 
stimulation. The bar graph represents the percentage of cells with global, local or none responses under different 
treatment as indicated with the respective standard deviation for the probability estimation. ML-7 (myosin light 
chain kinase inhibitor): p=3x10-4, Cytochalasin D (CytoD, f-actin polymerization inhibitor): p=0.01. The statistical 
difference from the control group is determined by p<0.05. All results were significantly different from control. 
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Figure 2.6. Schematic diagram depicting the hypothesized mechanism of calcium response upon mechanical 
vibration stimulation. The substrate gel deformation causes a calcium influx through the membrane stretch-
activated channels (SAC), activating phospholipase C (PLC). PLC then produces IP3 and calcium is subsequently 
release from intracellular stores (ER) due to IP3 signaling (through IP3 receptors, IP3R). 
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CHAPTER 3  CALCIUM INFLUX DUE TO MECHANICAL VIBRATION DEPENDS 
ON CELL ADHESION AND TRPM7 CHANNELS 
3.1 INTRODUCTION 
 Once the mechanism for calcium signaling was determined in Chapter 2, the calcium 
influx was the focus of this chapter. The calcium influx can happen in a variety of ways: through 
voltage-gated channels when the membrane is depolarized, through ligand-gated channels or 
through channels opened by depletion of internal stores (endoplasmic reticulum, ER) [46]. Some 
channels are directly opened by forces applied to cells or are part of the cellular mechanosensing 
machinery. These are the ones most directly related to the present work. 
 
 On the plasma membrane, mechanosensitive (or stretch-activated) ion channels are part 
of the mechanotransduction cellular apparatus, translating mechanical stretches into an ion 
current through the membrane [1]. Some of these channels are the complex formed by MEC-4, 
MEC-10, MEC-2 and MEC-6, many members from TRP subfamilies [18] and Piezo1 and Piezo2 
[18,47]. These are specially important when investigating mechanotransduction in live cells.  
 
 Transient receptor potential cation channel, subfamily M, member 7 (TRPM7) is a 
membrane cation channel ubiquitously expressed [48] and possesses also a kinase domain 
[49,50]. TRPM7 is also believed to be involved in mechanotransduction [48,50], potentially 
having a role in hypertension control in vascular systems [48]. As TRPM7 expression inhibition 
or overexpression modulates adhesion in some cells types [49,51], it is important to study not 
only the mechanotransduction itself but also the impact of TRPM7 expression on adhesion and 
the role of adhesion in mechanotransduction in this particular case. 
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 Thus, in this chapter, a new equipment setup was characterized and used to probe the 
HUVEC response to mechanical stimulation. The equipment was capable of localized 
mechanical stimulation and relatively high temporal frequency and strain magnitude. It was 
based on a vertical vibration of the probe, different of the lateral vibration used in Chapter 2. The 
vertical vibration optimizes the use of the mechanical energy, focusing it into a smaller area. The 
second equipment also has a simpler design, easier to be reproduced. HUVECs were seeded on 
substrate with different adhesions or had their TRPM7 channels inhibited before being 
mechanically stimulated. A method for measuring adhesion of cells was developed, tested and 
used to assess adhesion conditions of HUVEC on the different substrates and the effect of 
modulating TRPM7 expression. Adhesion was then compared to calcium signaling in response 
to the mechanical stimulation. The cells had their calcium response to mechanical stimulation 
measured by the Cameleon biosensor. 
 
3.2 MATERIALS AND METHODS 
3.2.1 Cell culture 
 Human umbilical vein endothelial cells (HUVECs), pooled from multiple donors, were 
purchased from Cell Applications (San Diego, CA).  The cells were cultured in 100x20 or 60x15 
mm cell culture dishes (Corning, 430167 and 430166) in 5% CO2 at 37°C and passed when 
achieved 80% confluency or more. Medium was changed every other day or when the 
confluency reached 60% or more. The cells were used up to 16 doublings, the minimum number 
of doublings guaranteed by Cell Applications. The growth medium used was Endothelial Cell 
Growth Medium (Cell Applications, 211-500). 
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3.2.2 Genetically encoded FRET biosensor 
 A genetically encoded FRET biosensor based on ECFP and YPet was used to monitor the 
intracellular calcium concentration as previously described [21,22]. All cells used for assessment 
of response to mechanical stimulation were transfected with this biosensor. The method of 
choice for delivering the DNA into the cell was the adenovirus infection (Adeno-X Expression 
System 1, Clontech), in which the biosensor plasmid was incorporated. For the most basic 
infection, with no prior electroporation preformed, the cells were passed from a 80%~90% 
confluent dish into a 35x10 mm glass-bottom dish between 16 and 18 hours before the infection. 
The cells were then infected with the adenovirus carrying the FRET biosensor. If electroporated 
cells were to be infected, they were done so 2 hours after electroporation and after a change of 
growth medium to remove detached cells. In both cases (simple infection or infection after 
electroporation), the infected medium was changed to normal growth medium after 4 hours of 
incubation. In the next day, the infected cells were passed to polyacrylamide gel dishes at a 
convenient count for the experiment: 1,000~3,000 cells/dish for mechanical stimulation or 
3,000~6,000 cells/dish for adhesion test. These gel dishes were ready for the experiments about 
20 hours later. 
 
3.2.3 Polyacrylamide gel preparation 
 The polyacrylamide gel dishes were prepared according to a well-established protocol [3] 
with the following reagents: Acrylamide at 8% (40% solution stock, Bio-Rad, 161-0140), Bis at 
0.13% (2% solution stock, Bio-Rad, 161-0142), TEMED at 1:2,000 (Bio-Rad, 161-0801) and 
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10% w/v Amonium Persulfate at 1:200 (Bio-Rad, 161-0700) in 10mM HEPES buffer (Sigma, 
H4034). The stiffness of the gels was 20 kPa approximately [25]. The gels were cast on 
35x10mm glass-bottom dishes using a 12mm round cover glass (Fisher, 12-545-80) to shape the 
droplet of gel solution. The volume of the gel solution droplet was calculated to allow an average 
thickness of 90 μm. 
 
 Before HUVEC were plated on polyacrylamide gels, the gels were activated with Sulfo-
SANPAH (Thermo Scientific, 22589) and coated with fibronectin (Sigma, F1141), unless noted 
otherwise. For the activation with Sulfo-SANPAH, each gel was covered with 0.1 mg of Sulfo-
SANPAH diluted in 200 μl of 100 mM HEPES buffer, positioned around 5 cm away from the 
UV light source in the biosafety cabinet, exposed to UV light for 6 minutes, rinsed with 100mM 
HEPES buffer and placed on an orbital shaker for 10 minutes. Then, the gel dishes were rinsed 
with Phosphate Buffered Saline (PBS) (Sigma, D5652) and soaked in it for 5 minutes on an 
orbital shaker. After the PBS was removed, each gel was incubated in a solution with 3 μg of 
fibronectin diluted in PBS for 4 hours. The fibronectin concentration on the dish was about 2.2 
μg/cm2. After the incubation, the gel dishes were sterilized by UV exposure in the biosafety 
cabinet for 20 minutes and rinsed with PBS. The gels were soaked in growth medium 15 minutes 
before the cells are plated on. The cells should be plated on the gels around 24 hours before the 
experiments. 
 
 To obtain the gel with beads, a second layer of polyacrylamide with embedded beads was 
prepared on top of the clear gel layer in a similar fashion [26], resulting in almost all of the beads 
in a single layer and at the same focal plane when observed throμgh a 40x/0.75 objective. In 
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brief, the solution for the polyacrylamide was mixed with a 1 μm-bead suspension (Invitrogen, 
F-8821) at 1:250 and a small amount (1~2 μl) was applied on top of the clear gel. As long as the 
pre-cast clear gel is smaller than the cover glass, capillarity will force the excess of solution with 
beads out when the cover glass is placed to cast the second layer of gel. Thus, the thin film of 
solution with beads would polymerize to form the second gel layer on top of the pre-cast gel. 
 
3.2.4 Fibronectin quantification 
 To verify the amount of fibronectin coated on the gel substrates, fibronectin from bovine 
plasma in powder (Sigma, F4759) was conjugated with NHS-Rhodamine (Thermo Scientific, 
46406). First, the fibronectin was dissolved in borate buffer (100mM boric acid and 7.25mM 
sodium tetraborate in water, pH 8.5) and NHS-Rhodamine, in Dimethylformamide (DMF) at 10 
mg/ml. NHS-Rhodamine was mixed to the dissolved fibronectin at a molar ratio of 10 (NHS-
Rhodamine to fibronectin) and incubated at room temperature for 1 hour. Then, the 
nonconjugated rhodamine was removed by dialisys overnight at 4°C. This fibronectin conjugated 
to rhodamine was used to coat gel substrate and each gel substrate was imaged around 25 times 
at random locations. The average fluorescent intensity was calculated for each image taken. 
 
3.2.5 Electroporation of HUVEC 
 Due to the difficulty of transfecting DNA or RNA into HUVECs, it was used 
electroporation for introducing siRNA into these cells. The siRNAs transfected were Human 
TRPM7 (Dharmacon, L-005393-00) and Non-targeting pool (Dharmacon, D-001810-10-05). As 
in the case of infection by adenovirus, the cells were passed from an 80%~90% confluent dish 
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into 100x20 or 60x15 mm cell culture dishes between 16 and 18 hours before the electroporation. 
At the electroporation time, approximately 120,000 cells were resuspended in Gene Pulser 
electroporation buffer (Bio-rad, 165-2676) and placed in a Gene Pulser cuvette, 0.2 cm electrode 
gap (Bio-rad, 165-2082), along with siRNA at 100nM or 200nM. The electroporation of 
HUVECs was then conducted in a Gene Pulser Xcell Total System (Bio-Rad, 165-2660), with a 
single pulse of a square wave at 150V for 20ms. The electroporated cells were plated on a 
35x10mm cell culture dish (Corning, 430165). Experiments were conducted 2 days after  the 
electroporation. 
 
3.2.6 Adhesion assay 
 The main characteristic of this assay was to use an orbital shaker to create a shear stress 
to detach the cells on gel and count the remaining cells only at the periphery of the gel, before 
and after the cell culture dish was shaken. Due to the working principle of the orbital shaker, the 
fluid flow in the dish is uneven, imposing a stronger shear stress farther from the center of the 
dish (Figure 3.1A). Thus, all the cell countings, before and after the shaking, were done only at 
the periphery of the gel, to increase the sensitivity of the method (Figure 3.1B). 
 
 First of all, before any shaking was done, HUVECs were counted from the periphery of 
the polyacrylamide gel, from the edge to 200 μm towards its center. Around 20 screenshots were 
taken randomly and the average of cells per screenshot was calculated. Growth medium, 
previously equilibrated in 5% CO2 incubator for at least 30 minutes, were added to the gel dishes 
to a final volume of 4 ml in each one. The dishes were then placed on an orbital shaker 
(Barnstead 2314) and shaken 3 times at top speed (about 220 rpm) for 10 seconds, with 5 
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seconds of interval between shakings. The growth medium was changed to remove detached 
cells and the attached ones were counted in another set of 20 screenshots at the periphery per 
dish. For each screenshot taken after the shakings, an attachment rate (AttRate) was calculated: 
avB
AAttRate   
where A is the cell count of the screenshot after shaking and avB is the average cell count per 
screenshot for the same dish before shaking. 
 All attachment rates for one condition were compared to the attachment rates for another 
condition to assess the relative adhesion between them. 
 
3.2.7 Mechanical stimulation of HUVEC 
 The stimulation equipment was designed to position the probe tip on the surface of the 
substrate gel and cause a vibration of the gel where cells were seeded. The probe tip consists of a 
glass capillary prepared by a micropipette puller and approximately had a diameter of 35 μm in 
average. The design of this equipment is similar to the previous design, basically assembled with 
a XYZ linear stage (Thor Labs, PT3), an aluminum arm and the small rod with the probe tip. The 
probe tip was directly attached to the aluminum arm in this case. The arm was then attached to 
XYZ linear stage. The XYZ stage was used to position the probe tip 6 μm away from the cell 
edge, just touching the gel substrate. Once positioned, the vibration mechanism was activated, 
locally vibrating the substrate and stimulating the cell. The vibration mechanism is the same, 
consisting of two small aluminum blocks attached to each other by a spring steel. Similarly to the 
previous equipment, one block was attached to the aluminum arm, but to the top surface this 
time. The free block was in contact with the top plane of the arm. The vibration mechanism was 
 37 
prepared and activated using the spacer as already described in Section 2.2.4. As the vibration 
mechanism was positioned on the top surface, the vibration which was mainly vertical instead of 
lateral. The vibration propagated through the structure and was transmitted to the gel substrate by 
the small aluminum rod and probe tip (Figure 3.2A). Due to the angle of the rod relative to the 
horizontal plane, the probe tip will also vibrate at an angle, not purely vertical relative to the gel 
substrate. Thus, considering the position of the probe tip and the cell, the gel was slightly pulled 
away from the cell whenever the probe tip oscillated downward. The vibration frequency of the 
probe tip was estimated by analyzing the natural frequency of the two main structural 
components of the system: the arm and the small rod. As both components had the same 
geometry as in Chapter 2, the estimated natural frequencies are also the same. The natural 
frequency for the first mode of vibration was approximately 1,100 Hz for the arm and 220Hz for 
the small rod. The vibration frequency of the probe tip would be a composition of both vibrations 
and, due to the difference in stiffness, it was expected for the small rod to be the main 
contributor. Taking into account the mass added to the rod tip with the attachment of the glass 
probe, the vibration frequency would be lowered. Thus, the vibration frequency of the first mode 
of vibration would be slightly lower than 220 Hz. 
 
 For all samples, the cells were imaged for a few minutes to record the basal FRET ratio. 
The imaging was then paused to place the probe tip in position and resumed immediately after 
the mechanical stimulation was triggered and the probe tip lifted from the gel surface. 
 
 To keep the cell environment stable during imaging and vibration stimulation, a chamber 
was designed to allow the access of the probe to the cell dish as well as the constant entry of pre-
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mixed and humidified 5% CO2 (along with 10% O2 and 85% N2) (Figure 3.2A). A controlled 
heater (Nevtek ASI 400) was connected to maintain the temperature around 37°C throughout the 
experiment in the chamber. 
 
3.2.8 Imaging 
 A Zeiss fluorescence microscope equipped with an oil-immersed 40x/1.3 objective was 
controlled by a computer through the software MetaFluor 6.3r7 (Molecular Devices) to obtain 
the live cell images of the biosensor FRET signal. The xenon arc lamp can excite the donor 
fluorophore ECFP by using a 420/20 nm filter. A 475/40 nm and 535/25 nm filters were used to 
observe the emissions from the donor (ECFP) and acceptor (YPet), respectively.  
 
 For the adhesion assay, the same Zeiss microscope was used for phase contrast with a 
long working distance 10x/0.25 objective. 
 
 For the fibronectin quantification, the Zeiss microscope was used to observe rhodamine 
fluorescence with a long working distance 10x/0.25 objective. The xenon arc lamp can excite 
rhodamine by using a 550/10 nm filter. A 575/15 nm filter was used to observe the emission 
from rhodamine. 
 
 For the vibration characterization, a fast camera (Vision Research Phantom v9.1) with 
1,000 frames/second capability was coupled to a phase contrast microscope with a 40x/0.75 
objective to image the trajectory of the probe tip and the displacement caused on the flexible 
substrate gel containing beads. An extra halogen light was employed to obtain enough 
 39 
illumination for the high frame rates. These experiments were conducted at the Imaging 
Technology Group at the Beckman Institute for Advanced Science and Technology, University 
of Illinois at Urbana-Champaign. 
 
3.2.9 Postexperimental imaging analysis 
 Live cell images of the biosensors were captured and analyzed by MetaFluor 6.3r7. The 
fluorescence of the calcium biosensor FRET pair was observed in a circular region of interest, 
with 50 pixels of diameter, as close as possible to the area stimulated by the probe. The FRET 
ratio was calculated by dividing the average intensity of YPet by that of ECFP. A region not 
covered by the cells but close to the main region of interest was selected to assess the 
background signal which was subtracted from each image. The change in intracellular calcium 
concentration reported by the biosensor after mechanical stimulation was quantified as a relative 
difference (RelDiff) to basal measurements (before stimulation): 
basalRatio
basalRatioRatiolDiff  maxRe  
where maxRatio is the maximum ratio after stimulation and basalRatio is the average ratio 
before stimulation. 
 
 To characterize the vibration, the images from the fast camera were analyzed using an 
ImageJ (available at http://rsb.info.nih.gov/ij; developed by Wayne Rasband, National Institutes 
of Health, Bethesda, MD) plugin, bUnwarpJ [27]. This plugin was used to compare the position 
of the beads between two frames: a frame displaced by the probe motion and a reference frame 
with the probe merely positioned but not moving. Matlab (MathWorks) was applied to 
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reconstruct the displacement map obtained from bUnwarpJ, plotting it as a colormap combined 
with the vectors for a convenient and clear comprehension of the data. A colormap for the strain 
at each point was also plotted, with vectors denoting the displacement. The total strain E was 
calculated as: 
22
yx EEE   
where Ex and Ey are the strain in x and y axis. 
dx
duE xx   dy
du
E yy   
where ux and uy are the displacements in x and y axis, with each derivative numerically 
calculated by finite differences (2-point estimation for the boundaries, 3-point estimation for 
interior points). 
 
 The stress could be easily calculated by multiplying the strain by the gel substrate 
stiffness, but the strain, not stress, was one of the stimulation characteristics compared to 
previous studies. 
 
3.2.10 Statistical analysis 
 The p-values were calculated by two-tailed t-Student test for the analysis of two sets of 
samples for both response to mechanical stimulation or adhesion assays. Statistical significance 
was defined as p<0.05. 
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3.3 RESULTS 
3.3.1 Characterization of mechanical stimulation 
 To characterize the deformation caused on the polyacrylamide gel substrate by the 
stimulation equipment, gel with beads were imaged with a fast camera at different thickness: 50 
μm, 75 μm, 100 μm and 125 μm. The vibration frequencies observed in the substrate 
deformation were in average 207±2 Hz. In average, the maximum displacement observed was 
8.7±2.4 μm and the maximum strain, 0.50±0.15. Both displacement and strain were stronger 
closer to the stimulation site as expected. The vibration frequency and maximum deformation 
and strain observed for each substrate thickness are shown in Table 3.1. The most representative 
thickness is 125 μm, as most of the samples were stimulated on a substrate around or thicker than 
100 μm. The gel with positioned probe tip and the displacement and strain maps, with their 
respective maximums, for the 125 μm-thick gel are shown in Figure 3.2B and Video S7, Video 
S8 and Video S9.  
 
 For the experiments using mechanical stimulation, the control samples were HUVEC 
infected with Cameleon biosensor and seeded on polyacrylamide gel substrates. These gel 
substrates were previously treated with Sulfo-SANPAH and coated with the normal amount of 
fibronectin. The calcium response to the mechanical stimulation consists in most cases of a 
transient increase in intracellular calcium concentration in the vicinity of the probe tip, with 
weaker response at farther distances from the stimulated region (Figure 3.3). 
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3.3.2 Lower substrate adhesion inhibits response to stimulation 
 Along with the regularly treated polyacrylamide gel substrates (“normal” dishes), other 
two types were also prepared to assess the effect of substrate adhesion on the response to 
mechanical stimulation, none of them with activation by Sulfo-SANPAH: one coated with 
fibronectin at 0.15 μg per dish, or 0.11 μg/cm2, (“5% Fn” dishes) and another with no coating of 
fibronectin (“no treatment” dishes). To assess the relative amount of fibronectin for each gel 
substrate treatment, rhodamine-labeled fibronectin was used in the treatment of 3 “normal” 
dishes and 3 “5% Fn” dishes. One “no treatment” dish was used as control and the average 
autofluorescence in this dish was subtracted from the average fluorescence of the other two 
treatments. Imaging of rhodamine-labeled fibronectin showed a difference of one order of 
magnitude between the average fluorescence in “normal” and “5% Fn” dishes. There was 
statistically significant difference among the fluorescence recorded for each of the three substrate 
conditions in this fibronectin quantification (Normal and 5% Fn: p=3x10-21, Normal and No 
treatment: p=2x10-23, 5% Fn and No treatment: p=0.007; t-Student test) (Figure 3.4A). To 
confirm the difference in adhesion among these conditions, the adhesion assay showed more 
cells still attached to the gel substrate when fully treated (“normal” dishes, with Sulfo-SANPAH 
activation and fibronectin coating) than when no Sulfo-SANPAH activation was done. “5% Fn” 
dishes showed also more attachment than “no treatment” dishes. There was statistically 
significant difference among all three substrate conditions in the adhesion assay (Normal and 5% 
Fn: p=0.02, Normal and No treatment: p=7x10-10, 5% Fn and No treatment: p=0.0005; t-Student 
test) (Figure 3.4B). HUVECs seeded on “normal” dishes showed a stronger calcium signaling in 
response to mechanical stimulation, followed by the cells on “5% Fn” dishes. Cells on “no 
treatment” dishes showed the weakest response. By calculating the relative difference for all 
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mechanically stimulated cells under these three different conditions, there are statistically 
significant differences among all of them (Normal and 5% Fn: p=0.04, Normal and No 
treatment: p=4x10-7, 5% Fn and No treatment: p=0.003; t-Student test) (Figure 3.4C). 
 
3.3.3 TRPM7 siRNA increases adhesion of HUVEC but inhibits response to stimulation 
 As TRPM7 presence may interfere with adhesion [49,51], an adhesion test was 
performed to verify the effect of TRPM7 siRNA electroporation. Although non-targeting siRNA 
slightly reduced adhesion relative to not electroporated (control) cells (not statistically 
significant, with p=0.2; t-Student test), TRPM7 siRNA electroporation significantly increased it 
(control and TRPM7 siRNA: p=0.03, non-targeting and TRPM7 siRNAs: p=0.001; t-Student 
test) (Figure 3.5A). HUVEC electroporated with TRPM7 siRNA showed reduced response to 
mechanical stimulation when compared to HUVEC electroporated with non-targeting siRNA. 
The average response of each dish of TRPM7 siRNA-treated HUVEC was 80% of the average 
response obtained from the paired non-targeting siRNA-treated dish, showing statistical 
significance (p=0.01; t-Student test) (Figure 3.5B).  
 
3.4 DISCUSSION 
 As already mentioned, the vertical vibration was chosen for focusing better the 
mechanical energy from the vibration towards the cell stimulation, due to the smaller affected 
area compared to the lateral vibration. It also showed to cause a simpler deformation on the gel 
substrate (Video S7). The lateral vibration of the probe in the first design combined with the 
inevitable vertical motion produced a more complex deformation pattern on the substrate (Video 
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S2). The mechanical stimulation delivered by the present setup caused a deformation with 
temporal frequency high enough to potentially increase calcium response as already reported 
[14]. Other attempts with mechanical stimulation manually actuated, with lower temporal 
frequencies of the order of 0.5~1 Hz, did not succeed in eliciting significant calcium signaling 
using the same equipment (data not shown). The frequency of vibration of the probe was only 
6% below the estimated by the simplified model. As expected, this frequency was slightly below 
the estimated 220 Hz possibly due to the added mass (the probe tip) to the free end of the 
aluminum rod. The frequency of probe vibration also did not seem to be related to the gel 
thickness in this particular case. Thus, it may suggest that the vertical displacement of the probe 
tip is not large enough to cause the probe interaction with the gel to be significantly different 
across the variety of gel thickness. For this to occur, either the vertical displacement of the probe 
tip is small enough or the gel stiffness is low enough so that the effects of the elasticity and 
dampening of the gel substrate over the probe are the same for all thicknesses. The strain on the 
cell substrate caused by this design was slightly higher than other works involving cell injury 
[14,15], similarly to the previous design (Chapter 2). Considering the usual size and position of 
the cell relative to the probe tip position, the strain was larger at regions closer to the probe, 
which showed the localized nature of the stimulation delivered and was consistent to the region 
of stronger intracellular calcium rise in the observed responses. 
 
 The adhesion assay developed showed to be effective in assessing the adhesion by 
following the expectations in the experiments with different substrate adhesions. The main 
advantage was simplicity, as the assay did not require more than an orbital shaker and a 
microscope. The cell counting only at the periphery was also important to differentiate the 
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sample populations. When all cells on the substrate were counted, the difference between 
"Normal" and "No treatment" dishes was less than half of the difference with the peripheral cell 
counting (data not shown). The main disadvantage was the time needed to count the cells. Other 
methods that count cells that involve biochemical assays, as the Cell Proliferation Reagent WST-
1 (Roche), could be used but it would lose the sensitivity gained by counting the cells only on 
regions of stronger shear stress during shaking. 
 
 HUVECs seemed to be very adhesive and sensitive to adhesion molecules, showing 
calcium response to mechanical stimulation even when relatively little fibronectin was used for 
coating the gel: even though “5% Fn” dishes had only one tenth of the fibronectin on “normal” 
dishes, the magnitude of the calcium response reported by the biosensor was still about 75% of 
the average from “normal” dishes. Although polyacrylamide gels were not supposed to allow 
attachment of cells, HUVECs managed to attach to the substrate when no sulfo-SANPAH or 
fibronectin was used to prepare the gel substrate, showing about 20% of the response from 
control. HUVECs seem to be quite adhesive, even adhering to unprepared surfaces like glass (not 
shown). The magnitude of response correlated to the trend of attachment of cells after the 
adhesion test, with the highest attachment rate (83%) for the HUVECs seeded on the 
polyacrylamide gel with full treatment (sulfo-SANPAH and fibronectin), lower attachment rate 
(71%) for the gel covered with only 5% of the normal fibronectin amount (and no sulfo-
SANPAH treatment) and the lowest attachment rate (49%) for the untreated gel. These results 
show the effectiveness of the means used for reducing the adhesion and the correlation between 
adhesion and cell response. 
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 Once the response is related to adhesion, one may be concerned about the analysis of 
cells when TRPM7 is inhibited: even though TRPM7 is a known ion channel, it also has a kinase 
domain and its expression inhibition or overexpression does affect adhesion for some cell types 
[49,51]. In other words, modulating TRPM7 does not simply modulate the ion channel amount 
but also the cell adhesion, which is related to the cell response. To confirm that a separate 
analysis of these effects is possible, it was necessary to assess the change in adhesion after 
TRPM7 was inhibited by siRNA. The results pointed to an increased attachment rate (91%) 
when TRPM7 is inhibited when compared to both control (83%) and non-targeting siRNA-
treated cells (78%). As the adhesion was improved, one would expect a stronger response to 
mechanical stimulation. The actual weaker response obtained by HUVEC with TRPM7 
inhibition suggests that TRPM7 channels are indeed important for the calcium signaling response 
to mechanical stimulation. 
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3.5 TABLES AND FIGURES 
Table 3.1. Displacement, strain and frequency of vibration for each gel thickness. 
Thickness (μm) Max Displacement (μm) Max Strain Frequency (Hz) 
50 9.6 0.55 211 
75 11.5 0.65 206 
100 6 0.3 206 
125 7.5 0.5 206 
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Figure 3.1.  Uneven shear stress in adhesion assay and cell counting method. (A) The nature of the orbital 
shaker causes a stronger shear stress at the periphery of the gel, causing a stronger cell detachment at these regions 
(denoted by the lighter color at the periphery in the diagram). (B) Cells are counted only at the periphery, from the 
edge up to 200 μm towards the center, before and after the shaking. 
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Figure 3.2. Mechanical stimulation equipment and vibration characterization. (A) Pictures of the vibration 
stimulation equipment with different components: XYZ stage, with micrometers attached, aluminum arm and 
aluminum rod with probe (top right panel); vibration mechanism and spacer ready to trigger the vibration (bottom 
right panel); setup with the aluminum rod already inserted in the aperture of the CO2 chamber and with probe 
positioned on the gel (left panel). (B) The left image shows the probe and gel substrate with 1 μm beads embedded. 
The right images show a typical displacement (in μm) and strain maps, with the cold and hot color representing the 
small and large displacement/strain, respectively. In both colormaps, the vectors are the displacements on the 
substrate. The black circle represents the typical position of a cell (~125 μm of diameter) during stimulation. The 
bars represent 25 μm. 
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Figure 3.3. Typical calcium response upon mechanical vibration stimulation. Typically, the cell responds with a 
rise in intracellular calcium concentration occurring mostly at a region close to the stimulation site. The DIC images 
show the location of the probe and the cell under stimulus. The time course represents the intracellular calcium 
concentration at the region of interest. The color images represent the fluorescence emission ratio of YPet/ECFP 
from the biosensor before stimulation, immediately after stimulation, and after the calcium concentration re-
stabilized. The bars represent 25 μm. 
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Figure 3.4. Lower substrate adhesion inhibits response to stimulation. Three different gel substrate treatments 
were used to assess the effect of adhesion on the calcium response to mechanical stimulation: regularly treated 
polyacrylamide gel substrates ("Normal"), no Sulfo-SANPAH activation but coating with fibronectin at 5% of the 
normal amount per dish ("5% Fn"), no Sulfo-SANPAH and no fibronectin coating ("No treatment"). (A) Average 
intensities of rhodamine-labeled fibronectin of different gel substrates. All of them are statistically different among 
themselves (Normal and 5% Fn: p=3x10-21, Normal and No treatment: p=2x10-23, 5% Fn and No treatment: p=0.007; 
t-Student test). (B) Attachment rates of HUVECs seeded on different gel substrates. All of them are statistically 
different among themselves (Normal and 5% Fn: p=0.02, Normal and No treatment: p=7x10-10, 5% Fn and No 
treatment: p=0.0005; t-Student test) (C) Relative difference of the biosensor fluorescence ratio of mechanically 
stimulated HUVECs seeded on different gel substrates. All of them are statistically different among themselves 
(Normal and 5% Fn: p=0.04, Normal and No treatment: p=4x10-7, 5% Fn and No treatment: p=0.003; t-Student test). 
The error bar on the bar graphs are the respective standard error of the samples. 
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Figure 3.5. TRPM7 siRNA increases adhesion of HUVEC but inhibits response to stimulation. HUVEC 
electroporated with non-targeting siRNA and TRPM7 siRNA had their adhesion and calcium response to 
mechanical stimulation compared. (A) Attachment rates of HUVECs electroporated with non-targeting and TRPM7 
siRNAs. These results are also compared to a control, HUVECs on "Normal" dishes. Control and non-targeting 
siRNA are the only ones not statistically different (control and non-targeting siRNA: p=0.2, control and TRPM7 
siRNA: p=0.03, non-targeting and TRPM7 siRNAs: p=0.001; t-Student test) (B) Relative difference of the biosensor 
fluorescence ratio of mechanically stimulated HUVECs non-targeting and TRPM7 siRNAs. They are statistically 
different (non-targeting and TRPM7 siRNAs: p=0.01; t-Student test). The error bar on the bar graphs are the 
respective standard error of the samples. 
 
 53 
CHAPTER 4  MECHANICAL STIMULATION OF DROSOPHILA DISSECTED 
TISSUE 
4.1 INTRODUCTION 
 As cell cultures are simply models for the behavior of cells in tissue, a complementary 
study would be the mechanical stimulation of cells in a tissue. Mechanical tension was shown to 
contribute to the clustering of neurotransmitter vesicles in axon terminals at the neuromuscular 
junction in Drosophila melanogaster, and it was hypothesized that the mechanical tension or its 
absence would change the flux of ion channels [52]. To initiate the investigation of this 
hypothesis, a study involving the mechanical stimulation of a dissected embryo of these fruit 
flies was planned. 
 
 The ultimate goal would be observe the intracellular calcium concentration of motor 
neuron axon terminals under mechanical stimulation. The most convenient way to visualize 
intracellular calcium concentration in real time with high spatiotemporal resolution would be to 
use genetically encoded molecular biosensors. There are fly lines capable of expressing a variety 
of calcium biosensors in their neurons [53]. Due to the lack of access to these flies, another 
alternative was used: calcium dyes, such as Fura-2 [20]. The main disadvantage would be the 
lack of selective loading. As all exposed tissue will take the dye, it would be impossible to 
observe any increase in calcium concentration only at the motor neurons, assuming they were 
exposed to the dye loading. Despite of this disadvantage, the mechanical stimulation of the 
Rhod-4-loaded dissected tissue could provide information regarding the calcium response to this 
kind of stimulus. 
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 In this chapter, a Drosophila embryo was dissected and loaded with the Rhod-4, an 
intensimetric red fluorescent calcium dye. First, some drugs known to cause an increase in 
intracellular calcium concentration were applied to test the response from Rhod-4 calcium dye. 
Then, the dissected tissue was mechanically stimulated with the same equipment used in Chapter 
3. Due to problems with adhesion of the sample to the glass substrate, 3-
aminopropyltriethoxysilane (APTES) was tested to enhance tissue adhesion [54]. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Drosophila culture 
 A particular line of Drosophila melanogaster (elav’-GAL4/UAS-gapGFP) was used for 
these experiments and had Green Fluorescent Protein (GFP) expressed in all the neurons, making 
it easy to visualize the central nervous system (CNS) and motor neurons, particularly important 
for the dissection. The flies were kept at room temperature in vials with fly food obtained at 
Chemical and Life Science Laboratory (University of Illinois at Urbana-Champaign). A cotton 
ball at the open extremity was used to keep the flies inside. The flies were moved to a fresh vial 
with fly food whenever the dirt (excrements, dead flies, egg shells) built up. 
 
4.2.2 Drosophila embryo collection 
 Between 18 and 24 hours before the fly embryo collection, the flies were moved to an 
embryo collecting cage (Genesee Scientific, 59-100) attached to a 60mm Petri dish with grape 
agar and fly food. The grape agar was prepared with Flystuff Grape Agar Powder Premix packets 
(Genesee Scientific, 47-102) and poured on the Petri dishes beforehand. The fly food was a paste 
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made of Active Dry Yeast (Genesee Scientific, 62-103) and water. During the incubation in the 
embryo collecting cage, the flies laid eggs on the grape agar and the embryos developed. At the 
collection time, the Petri dish was detached and incubated with 50% bleach solution for 2 
minutes. After this period, the solution on the Petri dish was poured on a fine mesh and carefully 
washed with water. All the embryos would be retained by the mesh and were placed on another 
clean Petri dish with water for sorting. The GFP in the prospective embryos were visualized 
under a stereomicroscope with proper illumination and filters and embryos with well developed 
CNS but not ready to hatch were separated for dissection. A diagram of the embryo to be 
dissected is shown in Figure 4.1A. 
 
4.2.3 Drosophila embryo dissection 
 The dissection was performed on a glass surface (22x22 mm cover glass, Thomas 
Scientific, 6661B52) prepared beforehand. The glass surface could optionally have a 3-
aminopropyltriethoxysilane (APTES, Sigma, 440140) treatment to increase adhesion by 
electrostatic charges [54]. The treatment consisted in an incubation of 10% APTES on the glass 
surface for 20 minutes, followed by washes with DI water, and then air dried. The glass surface 
had a strip of double-sided adhesive tape in an area surrounded by lines from a hydrophobic 
barrier pen (Vector Labs, H-4000). The selected embryo for dissection was placed with the 
ventral side down on the double-sided adhesive tape on the glass surface and the area was 
flooded with Phosphate Buffered Saline (PBS, Cellgro, 21-040), a calcium-free medium, or 
Dulbecco's Phosphate Buffered Saline (DPBS, Biowhittaker, 17-513F), a calcium-containing 
medium. Another calcium-containing medium used was insect saline (140 mM NaCl, 5 mM 
KCl, 5 mM CaCl2, 4 mM NaHCO3, 1 mM MgCl2, 5 mM N-(Tris(hydroxymethyl)methyl)-2-
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aminoethanesulfonic acid (TES), 5 mM Trehalose), but it was used interchangeably with and 
later substituted by DPBS (personal communication with prof. Taher Saif's research group). The 
dissection was conducted under a Zeiss Stemi 2000 stereomicroscope with the use of dissection 
needles made of pulled micropipettes. First, the embryo’s vitelline membrane was opened at the 
dorsal midline by the dissection needle and the embryo was taken out. The embryo was placed 
on the glass surface, away from the tape. Too young embryos would not keep shape and too old 
embryos would not stick to the glass. Then, the dorsal midline was sliced, opening the sample 
and flattening carefully each side on the glass. Unnecessary parts, as the salivary glands, trachea 
and fat tissue, were removed, leaving the brain and axons relatively exposed. The tissues were 
ready for the loading with calcium dye. A diagram illustrating this procedure is shown in Figure 
4.1B. 
 
4.2.4 Tissue loading with calcium dye 
 Immediately after the dissection, the glass surface with the dissected sample was attached 
to the bottom of a 35 mm Petri dish (with a hole in the bottom) with silicon grease, making it a 
glass-bottom dish. The tissue was loaded with the calcium dye Quest Rhod-4 AM (AAT 
Bioquest, 21120) by incubating it at 2 µM in 200 µl of the proper medium (PBS, DPBS or insect 
saline) for 45 minutes. The incubation was in the dark, at room temperature. After incubation, 2 
ml of medium was added to the dish, diluting the dye. The sample was then ready for the 
mechanical stimulation. 
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4.2.5 Imaging 
 A Zeiss fluorescent microscope was used to observe Rhod-4 emissions with an oil-
immersed 40x/1.3 objective. The xenon arc lamp can excite Rhod-4 by using a 550/10 nm filter. 
A 575/15 nm filter was used to observe the emission. 
 
4.2.6 Chemical and mechanical stimulation of the dye-loaded tissue 
 Before any stimulation, the fluorescence from the Rhod-4 in the loaded tissue was 
recorded for some minutes. If PBS was used for dissection, calcium chloride was added to the 
PBS to a final concentration of 5 mM. After the addition of calcium chloride and recording of the 
fluorescence for some minutes, the imaging was stopped and the chemical or mechanical 
stimulation was applied.  
 
 The chemical stimulations were carried out with drugs known to elicit an intracellular 
calcium response on cells: adenosine triphosphate (ATP, Promega, E6011) at 10 μM, 
thapsigargin (TG, Sigma, T9033) at 10 μM, 2-Aminoethyl diphenylborinate (2-APB, Sigma, 
D9754) at 100 μM and ionomycin (Sigma, I0634) at 5 μM. After the drugs were applied to the 
solution, the Rhod-4 fluorescence was recorded for some minutes to observe the effect. 
 
 The mechanical stimulation was conducted with the same equipment used in Chapter 3, 
using the same vibration mechanism: once the probe tip was positioned on the tissue, just 
touching it, the vertical vibration was triggered and the probe tip stimulated the tissue. The probe 
tip was lifted just before the imaging was restarted. After the mechanical stimulation, ionomycin, 
a calcium ionophore [55,56], was added at a final concentration of 5 µM as a positive control. 
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4.2.7 Chemical stimulation of mammalian cells 
 HUVEC were cultured on 35 mm small glass-bottom dishes to compare the effect of the 
addition of calcium chloride and ionomycin on Rhod-4-loaded cells. HUVEC were cultured 
according to the protocol in Section 2.2.1. First, the cells are loaded with Rhod-4 by replacing 
the medium of the small glass-bottom dish with growth medium with Rhod-4 at 2 µM and 
incubated for 45 minutes. The dish is washed with PBS three times and then kept with 2 ml of 
PBS for the experiment. After a few minutes of imaging, calcium chloride is added to a final 
concentration of 2 mM, followed by some minutes if imaging. Ionomycin is then added to a final 
concentration of 5 µM and imaged again. 
 
4.2.8 Postexperimental imaging analysis 
 Images of the Rhod-4-loaded tissue were captured and analyzed by MetaFluor 6.3r7. The 
fluorescence of the calcium due was observed in a circular region of interest surrounding the 
largest area in the middle of the Rhod-4-loaded tissue, leaving the outskirts with the most uneven 
fluorescence out. A region not covered by the tissue was selected to assess the background signal 
which was subtracted from each image. 
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4.3 RESULTS 
4.3.1 Ionomycin causes calcium influx in dissected tissue 
 Initially, chemical stimulation tests on embryos dissected in insect saline (containing 
calcium) were conducted to verify the effect of drugs. ATP, TG and 2-APB did not cause an 
increase in Rhod-4 intensity (data not shown). An embryo dissected in PBS (calcium-free) 
showed a small increase (51%) in Rhod-4 intensity after addition of calcium chloride in 
comparison to the increase after ionomicyn (649% relative to basal level) (Figure 4.2A). 
HUVEC cells, not embedded in a tissue, were also tested in the same way and addition of 
calcium chloride caused in an average increase of 33%, small when compared to the average 
increase of 1,140% after addition of ionomycin (Figure 4.2B). Due to the robustness of 
ionomycin in eliciting increase of calcium concentration in the Rhod-4-loaded tissue when 
compared to the other drugs tested, it was used as a positive control for cell condition after the 
mechanical stimulation was applied. 
 
4.3.2 Mechanical stimulation of dissected tissue did not trigger calcium signaling 
 Mechanical vibration was applied to embryos dissected in PBS, a calcium-free solution, 
or DPBS, a calcium-containing solution. In both cases, the mechanical stimulation did not elicit 
any response, but ionomycin did. For the embryo dissected in PBS, the addition of calcium 
chloride caused an increase of more than 45% in Rhod-4 fluorescence, but the mechanical 
stimulation did not cause any further increase. Actually, the fluorescence slightly decreased 
around 5% after the mechanical stimulation. As a positive control, ionomycin more than doubled 
the Rhod-4 intensity. For the embryo dissected in DPBS, the mechanical stimulation caused a 
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small decrease in fluorescence, around 4%. As a positive control, ionomycin increased in almost 
6 times the Rhod-4 intensity, which was still increasing when the imaging was interrupted. A 
screenshot of the fluorescence and the time course of Rhod-4 fluorescence for both experiments 
are shown in Figure 4.3. 
 
4.3.3 APTES treatment enhances sample adhesion but may interfere with signaling 
 As the dissected embryos were simply stuck on the glass surface, with nothing to enhance 
adhesion, many samples were lost during the calcium dye loading and washing. Others partially 
or completely detached during the positioning of the probe tip on the tissue or during the 
mechanical stimulation itself. As a tentative solution, 3-aminopropyltriethoxysilane (APTES, 
Sigma, 440140) was used to treat the glass surface to add electrostatic charges to the substrate 
and increase the tissue adhesion [54]. The treated glass substrates were a lot more adhesive to the 
samples, being more likely to remain attached after the Rhod-4 loading procedure and transport. 
The experiment with ionomycin, however, showed a slower fluorescent increase than observed 
when APTES treatment was not used (Figure 4.4). 
 
4.4 DISCUSSION 
 Even though the addition of calcium chloride caused an increase in Rhod-4 fluorescence, 
it may not be an actual increase in intracellular calcium concentration. Due to the nature of the 
dye loading procedure, there may be Rhod-4 in the extracellular matrix and in the PBS which 
would show an increase in fluorescence in this case even if there is no calcium influx in cells. 
The use of ionomycin had the purpose to show the existence of live cells in the tissue. 
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Ionomycin, a calcium ionophore, would force an influx of calcium through the cell membrane 
and therefore an increase in Rhod-4 fluorescence. If the cells in the tissue had their membrane 
already ruptured, ionomycin would not have any effect. The strong response to ionomycin 
suggests that there were indeed live cells in the tissue, with their calcium homeostasis still active. 
After the dissected tissue showed response to calcium chloride and ionomycin, HUVECs were 
tested the same way to compare the results. HUVECs are not embedded in a tissue, which 
extracellular matrix could potentially be a barrier for Rhod-4 or drugs added to the solution. This 
simplified model for the chemical stimulation with ionomycin showed very similar results to 
dissected tissue, with calcium chloride addition causing a response lot weaker than after the 
addition of ionomycin. The similarity of the results between dissected tissue and HUVECs 
suggests that the dissected tissue cells were indeed loaded with calcium dye and responding to 
ionomycin as expected. 
 
 The experiments with dissected tissue in PBS (calcium-free solution) or DPBS (calcium-
containing solution) had similar results, which would suggest that the presence of calcium during 
dissection may not make difference in the tissue condition in the context of this work. The use of 
calcium-free solution had the intent of minimize the cell injury by avoiding calcium influx 
during the dissection, which did not seem to matter after all. The mechanical stimulation caused 
a slight decrease in Rhod-4 fluorescence instead of the expected increase observed in cultured 
cells. The decrease may be due to the displacement of the cells loaded with Rhod-4. As an 
intensimetric dye, even changes in focus may change the reading, thus the tissue mechanical 
displacement by the probe may have reduced the fluorescence. Manual poking of the cells with 
the probe (no vibration) was also tried with similar results (data not shown). As the response to 
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ionomycin suggests the existence of live cells, these may be simply non-responsive to the 
mechanical stimulation. One possible reason is the dissection causing desensitization of the 
tissue due to the scrapings and manipulations to open the embryo and clean it of fatty tissues. 
 
 Due to the loss of many samples due to detachment of the dissected embryo from the 
glass substrate, the APTES-treated glass substrate was one option tested. Despite the increase in 
adhesion on treated glass substrates, there was the possibility that the treatment would change the 
calcium signaling as the experiment with ionomycin showed a slower response. It is necessary to 
test on more samples for a definitive answer but this treatment was not used to obtain data for 
mechanical stimulation to keep the reliability of the data collected. If this suspicion of alteration 
in calcium signaling is dismissed, this technique could indeed increase the efficiency of the 
experiments by reducing the loss of samples. 
 
 To assess the capability of the mechanical stimulation on live tissue, one could still try 
other approaches. One direction would be the stimulation of the embryo without the need to 
dissect it. By eliminating the dissection, the hypothesized cell desensitization would be avoided 
and the tissue would respond to the mechanical stimulation. Despite the lack of calcium 
response, even to the fast mechanical stimulation, this work provided useful knowledge 
regarding the protocols for the embryo dissection and mechanical stimulation. Once the fly line 
with the proper biosensor expressed in the motor neurons is obtained, the procedure could be 
tried again. 
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4.5 FIGURES 
 
 
Figure 4.1. Diagram of embryo before dissection and dissection procedure. (A) Diagram showin the embryo 
most relevant parts for the dissection, including the central nervous system (CNS) with the brain, motor neuron 
axons and the dorsal and ventral sides. (B) Procedure for dissection: the selected embryo for dissection was placed 
with the ventral side down on the double-sided adhesive tape on the glass surface, covered with medium (PBS, 
DPBS or insect saline); the vitelline membrane was opened at the dorsal midline and the embryo placed on the glass 
substrate; the dorsal midline was sliced, opening the sample and flattening carefully each side on the glass; 
unnecessary parts, as the salivary glands, trachea and fat tissue, were removed, leaving the brain and axons relatively 
exposed. 
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Figure 4.2. Calcium dye intensity of the dissected tissue and HUVECs under ionomycin stimulation. Calcium 
dye Rhod-4 intensity from the dissected tissue and HUVECs before and after addition of calcium chloride (5 mM, 
for dissected tissue; 2 mM for HUVECs) and ionomycin (5 μM). (A) Fluorescence of the Rhod-4-loaded dissected 
tissue, region of interest and time course. (B) Fluorescence of the Rhod-4-loaded HUVECs, regions of interest and 
time courses. The points for addition of calciun chloride and ionomycin are indicated respectively with "CaCl2" and 
"Ionomycin". 
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Figure 4.3. Calcium dye intensity of the dissected tissue in PBS or DPBS under chemical and mechanical 
stimulation. Calcium dye Rhod-4 intensity from the dissected tissue before and after addition of calcium chloride 
when applicable (5 mM), mechanical stimulation (vertical vibration) and addition of ionomycin (5 μM). (A) 
Fluorescence of the Rhod-4-loaded dissected tissue in PBS (calcium-free), region of interest and time course. (B) 
Fluorescence of the Rhod-4-loaded dissected tissue in DPBS (calcium-containing), region of interest and time 
course. The points for addition of calciun chloride, mechanical stimulation and addition of ionomycin are indicated 
respectively with "CaCl2", "Mechanical stimulation" and "Ionomycin". 
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Figure 4.4. Calcium dye intensity of the dissected tissue on APTES-treated substrate under ionomycin 
stimulation. Calcium dye Rhod-4 intensity from the dissected tissue in DPBS before and after addition of 
ionomycin (5 μM). (A) Fluorescence of the Rhod-4-loaded dissected tissue, region of interest and time course. The 
point for addition of ionomycin is indicated with "Ionomycin". 
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CHAPTER 5  SUMMARY AND DISCUSSION 
 
 Both stimulation setups are based on probe vibration, but they differ in the vibration 
direction. While the first rely on lateral vibration of the probe, the second vibrates the probe 
vertically. The vertical vibration was chosen for focusing better the mechanical energy from the 
vibration towards the cell stimulation, due to the smaller affected area compared to the lateral 
vibration. It also showed to cause a simpler deformation on the gel substrate. The lateral 
vibration of the probe in the first design combined with the inevitable vertical motion produced a 
more complex deformation pattern on the substrate. Both equipment setups were able to apply 
relatively large strains (30%~50%) at high temporal frequencies (140~207 Hz) in a localized 
subcellular region. The strains were similar to other studies involving calcium signaling and cell 
injury [14,15]. The stimulation temporal frequency in both equipments was high enough to elicit 
a stronger calcium response as already observed [14]. Other attempts with mechanical 
stimulation manually actuated, with lower temporal frequencies of the order of 0.5~1 Hz, did not 
succeed in eliciting significant calcium signaling using the same equipment. The localized nature 
of the stimulation is one of the most important features of these new equipment designs as it 
allowed the observation of the calcium signaling propagation by ER calcium release in Chapter 
2. Even though the calcium signaling propagation was not the focus in Chapter 3, the localized 
stimulation was important to ensure the calcium signaling observed was due to the mechanical 
stimulation, not simply a random flickering at the cell periphery. Another advantage of this 
technique was to be less invasive to the innate cellular functions because there was no direct 
contact between the stimulating probe and the cell body. Thus, possible membrane penetration 
by the probe was avoided along with changes in integrin/cytoskeleton, as clustering was reported 
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when functionalized beads were employed [11]. Even though the present work was focused on 
calcium signaling, it is important to notice that the benefits of using this stimulation device can 
be extended to other signaling pathways as well. Indeed, the activation of signaling events other 
than the intracellular calcium may also be sensitive to temporal gradients of mechanical 
stimulation, such as ERK1/2 [4]. 
 
 The key to obtain the design for the stimulation equipments used in this work was the 
actuation for the probe tip. Once the probe tip was positioned by the XYZ stage, it needed to be 
displaced in the order of tens of micrometers in a matter of tens of milliseconds. The own 
structure vibration was shown to be suitable to actuate the probe in the intended way without the 
need of precision positioning equipment or expensive drivers for the actuators. The main 
drawback is the lack of flexibility in terms of tuning the vibration once the structure is built. The 
vibration time cannot be easily controlled, as it would simply be dampened over time after it was 
initiated. The observed vibration of the probe tip was primarily determined by the natural 
frequency of the small rod. Thus, changes in this parameter would require another rod with a 
different geometry or material. Piezoelectric actuators, stepper motors and solenoids have the 
capability to apply the required displacement for the probe tip and it would a preferred 
implementation for future work. A controlled actuator would allow changing the key parameters 
of the stimulation, magnitude of deformation of substrate and temporal frequency, simply by 
entering different parameters in the actuator driver. 
 
 In Chapter 2, the results indicated that a mechanical vibration induced by the device in 
the substrate gel where cells were seeded could mainly cause global calcium responses of the 
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cells. This global response was initiated by the influx of calcium across the stretch-activated 
channels in the plasma membrane. The subsequent production of IP3 via PLC activation 
triggered the calcium release from ER to cause a global intracellular calcium fluctuation over the 
whole cell body. This global calcium response was also shown to depend on actomyosin 
contractility and F-actin integrity, probably controlling the membrane stretch-activated channels. 
 
 The extracellular calcium and its influx across the plasma membrane was apparently the 
trigger of the whole calcium signaling cascade as the chelation of extracellular calcium by EGTA 
or the blockage of stretch-activated channels on the plasma membrane by streptomycin and 
gadolinium chloride drastically inhibited the calcium response to mechanical stimulation. The 
activation of these stretch-activated channels may be mediated by actin cytoskeleton and 
actomyosin contractility as ML-7 and CytoD both inhibited the mechanical-stimulation-induced 
calcium response, which is also consistent with previous reports that the activation of stretch-
activated channels are mediated by the actin filaments in HUVECs [10].  
 
 The PLC/IP3 pathway and ER calcium release were clearly involved in the mechanically 
induced calcium response as the inhibition of PLCs by U73122 and the depletion of ER calcium 
by thapsigargin inhibited the response. PLC-δ is usually inactive at basal calcium concentrations 
and activated when the intracellular calcium concentration rises [43]. Thus, it is possible for the 
rise of the local calcium concentration due to the mechanical stimulated membrane channel 
opening to activate PLC-δ, triggering the IP3 signaling pathway and ER calcium release to yield 
a global response. 
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 In Chapter 3, it was studied the TRPM7 relationship with the calcium influx mechanism, 
the first step in the mechanism studied in Chapter 2. As TRPM7 expression may modulate cell 
adhesion [49,51], an adhesion assay was developed. The main advantage was simplicity, as the 
assay did not require more than an orbital shaker and a microscope. The cell counting only at the 
periphery was also important to differentiate the sample populations. The main disadvantage was 
the time needed to count the cells. Other methods that count cells that involve biochemical 
assays, as the Cell Proliferation Reagent WST-1 (Roche), could be used but it would lose the 
sensitivity gained by counting the cells only on regions of stronger shear stress during shaking. 
 
 HUVECs seemed to be very adhesive and sensitive to adhesion molecules, showing 
calcium response to mechanical stimulation even when relatively little fibronectin was used for 
gel coating: even though “5% Fn” dishes had only one tenth of the fibronectin on “normal” 
dishes, the magnitude of the calcium response reported by the biosensor was still about 75% of 
the average from “normal” dishes. The magnitude of response correlated to the trend of 
attachment of cells after the adhesion test, with the highest attachment rate for the HUVECs 
seeded on the polyacrylamide gel with full treatment (sulfo-SANPAH and fibronectin), lower 
attachment rate for the gel covered with only 5% of the normal fibronectin amount (and no sulfo-
SANPAH treatment) and the lowest attachment rate for the untreated gel. These results show the 
effectiveness of the means used for reducing the adhesion and the correlation between adhesion 
and cell response. 
 
 When TRPM7 expression was inhibited by siRNA, there was an increased attachment 
rate when compared to both control and non-targeting siRNA-treated cells. As the adhesion was 
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improved, one would expect a stronger response to mechanical stimulation. The actual weaker 
response obtained by HUVEC with TRPM7 inhibition suggests that TRPM7 channels are indeed 
important for the calcium signaling response to mechanical stimulation. 
 
 In Chapter 4, dissected Drosophila embryos were chemically and mechanically 
stimulated. The solution where the embryo was dissected, PBS (calcium-free solution) or 
DPBS/insect saline (calcium-containing solutions), did not seem to change the calcium response 
in the conducted experiments. The use of calcium-free solution had the intent of minimize the 
cell injury by avoiding calcium influx during the dissection, which did not seem to matter after 
all. Ionomycin, a calcium ionophore, caused strong increase in Rhod-4 fluorescence, suggesting 
that there were indeed live cells in the tissue, with their calcium homeostasis still active. If the 
cells in the tissue had their membrane already ruptured, ionomycin would not have any effect. 
The mechanical stimulation by vertical vibration did not succeed in triggering calcium signaling. 
Manual poking of the cells with the probe (no vibration) was also tried with similar results. As 
the response to ionomycin suggests the existence of live cells, these may be simply non-
responsive to the mechanical stimulation. One possible reason is the dissection causing 
desensitization of the tissue due to the scrapings and manipulations to open the embryo and clean 
it of fatty tissues. To assess the capability of the mechanical stimulation on live tissue, one could 
still try other approaches as the stimulation of the embryo without the need to dissect it, avoiding 
possible desensitization. Despite the lack of calcium response, even to the fast mechanical 
stimulation, this work provided useful knowledge regarding the protocols for the embryo 
dissection and mechanical stimulation. 
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 Due to the loss of many samples due to detachment of the dissected embryo from the 
glass substrate, the APTES-treated glass substrate was one option tested. APTES indeed 
increased adhesion on treated glass substrates, but the experiment with ionomycin showed a 
slower response. Thus, there is the possibility that the treatment would change the calcium 
signaling. This treatment should be used carefully if needed and more tests are necessary for a 
definitive answer. 
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APPENDIX - VIDEOS 
 
Video S1. Animation of the lateral vibration equipment and its stimulation on a cell. 
Animation showing the vibration stimulation equipment with different components: XYZ stage 
(red), micrometers (yellow), mass-spring system (green) that generates the vibration and spacer 
(blue) used to trigger the vibration. An illustration of the stimulation on a cell seeded on an 
elastic gel dish is also presented. (File: Video S1 - Xvid.avi) 
 
Video S2. Polyacrylamide substrate deformation during lateral vibration stimulation. 
Video taken with a high-speed camera, at 1,000 frames per second. The polyacrylamide gel 
under deformation has 1 μm beads embedded close to the surface. The black circle represents the 
typical position of a cell (~125 μm of diameter) during stimulation. (File: Video S2 - Xvid.avi) 
 
Video S3. Polyacrylamide substrate deformation plotted as a colormap/vectormap during 
lateral vibration stimulation. The deformation observed with the high-speed camera was 
utilized to calculate the spatial colormap of the displacement with vectors at different locations 
indicating the direction and magnitude at the local positions. The black circle represents the 
typical position of a cell (~125 μm of diameter) during stimulation. The bar represents 25μm. 
(File: Video S3 - Xvid.avi) 
 
Video S4. Polyacrylamide substrate strain plotted as a colormap during lateral vibration 
stimulation. The strain, calculated from the deformation observed with the high-speed camera, 
was plotted as a spatial colormap, with displacement displayed as vectors. The black circle 
represents the typical position of a cell (~125 μm of diameter) during stimulation. The bar 
represents 25μm. (File: Video S4 - Xvid.avi) 
 
Video S5. Example of global calcium response upon lateral vibration stimulation. Video of 
the colormap in a cell representing the intracellular calcium concentration measured by the 
fluorescence emission ratio of YPet/ECFP from the calcium biosensor before and after the 
mechanical stimulation. This particular cell displayed a global calcium response. The scale bar 
represents 25μm. (File: Video S5 - Xvid.avi) 
 
Video S6. Example of local calcium response upon lateral vibration stimulation. Video of a 
colormap representing the fluorescence emission ratio of YPet/ECFP from the biosensor before 
and after stimulation, with a cell displaying a local calcium response. The bar represents 25μm. 
(File: Video S6 - Xvid.avi) 
 
Video S7. Polyacrylamide substrate deformation during vertical vibration stimulation. 
Video taken with a high-speed camera, at 1,000 frames per second. The polyacrylamide gel 
under deformation has 1 μm beads embedded close to the surface. The black circle represents the 
typical position of a cell (~125 μm of diameter) during stimulation. (File: Video S7 - Xvid.avi) 
 
Video S8. Polyacrylamide substrate deformation plotted as a colormap/vectormap during 
vertical vibration stimulation. The deformation observed with the high-speed camera was 
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utilized to calculate the spatial colormap of the displacement with vectors at different locations 
indicating the direction and magnitude at the local positions. The black circle represents the 
typical position of a cell (~125 μm of diameter) during stimulation. The bar represents 25μm. 
(File: Video S8 - Xvid.avi) 
 
Video S9. Polyacrylamide substrate strain plotted as a colormap during vertical vibration 
stimulation. The strain, calculated from the deformation observed with the high-speed camera, 
was plotted as a spatial colormap, with displacement displayed as vectors. The black circle 
represents the typical position of a cell (~125 μm of diameter) during stimulation. The bar 
represents 25μm. (File: Video S9 - Xvid.avi) 
 
 
